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Introduction 1
In the past decades increasing scrutiny of environmental impact of various chemicals 1, 2 has 2 resulted in a concerted search for new electrolytes for electrodeposition processes. 3 Methanesulfonic acid (MSA) electrolytes have been proposed as an alternative to standard 4 acid plating baths due to its ability to dissolve a variety of metal salts, its high conductivity, 5 as well as low toxicity and corrosivity 3, 4 . This promise has led various researchers to 6 examine the performance and elucidate the process of electrodeposition of copper 5, 6 , tin 7, 8 7
and their alloys [9] [10] [11] from MSA electrolytes. 8 9 These studies have shown that additives or complexing agents such as antioxidants 8, 12 and 10 surfactants [13] [14] [15] [16] [17] play a vital role during the co-deposition of Cu-Sn 9, 10, 18 . In fact, the simplest 11 electrolyte where good deposits are obtained contain an antioxidant and a fluorosurfactant 9, 18 . 12
The antioxidant, a hydroquinone, is added to stop the spontaneous oxidation 8, 12 of Sn 2+ to 13 Sn 4+ , and the non-ionic fluorosurfactant, DuPont™ Zonyl® FSN, was shown to reduce 14 hydrogen evolution [14] [15] [16] [17] as well as prevent the formation of metal oxides 11 . 15 
16
Electrochemical voltammetric investigations revealed that the inclusion of these two 17 additives in the electrolyte shifted the metal reduction potential of Cu in the cathodic 18 direction, whereas Sn deposition remained unaffected 9, 18 . Since copper is the more noble 19 metal, this phenomenon facilitates the co-deposition of the Cu-Sn alloy 11, 17, 18 . However, 20 these studies have not clearly shown whether this facilitation is due to the adsorption of the 21 fluorosurfactant. Previous elemental analysis (EDX) showed no fluorine [11] in the deposit. 22
Hence, although the fluorosurfactant plays a role in Cu-Sn co-deposition, it was not 23 incorporated into the deposit. Potential dependent adsorption/desorption of fluorosurfactants 24 in MSA-based electrolytes have not been reported, specifically with regards to how itinfluences the deposition of individual metals, i.e. Cu and Sn, and the Cu-Sn alloy. 1
2
In this work we have examined the adsorption and desorption of the fluorosurfactant as a 3 function of potential using an electrochemical quartz crystal nanobalance (EQCN). Cu and Sn 4 have both been deposited individually and simultaneously from an MSA electrolyte. 5
Frequency changes at the quartz crystal have been interpreted to determine the potentials 6 where the surfactant, metal and alloy were being deposited using the Sauerbrey equation 19 . 7
These mass changes have been compared against those calculated from the Faraday equation 8 by monitoring the charge consumed for deposition or stripping. These data were interpreted 9 to show the potential regions for adsorption or desorption of the fluorosurfactant and its 10 influence on metal and alloy deposition. required to achieve the desired Sn-rich deposits 9, 11 . In order to study the influence of 19 surfactant on the current-potential behavior of the base electrolyte and deposition of 20 individual metals, 0.01 %vol fluorosurfactant (DuPont Zonyl FSN) was added to these 21 solutions and compared against ones where it was not present. 22 
23
A Seiko EG&G Model QCA917 Quartz Crystal Analyzer was used in the experiments along 24 with commercially purchased standard AT-cut, gold coated 9 MHz quartz crystals (Ametek) 25 which have an active surface area of 0.196 cm 2 . A custom built electrochemical cell, which 1 enabled vertical positioning of the crystal, was used as it had been reported earlier to give 2 stable measurements 20 . In all experiments, after placing the quartz crystals in solution, it was 3 found to stabilize at approximately 8.95 MHz. The voltage change sensed by the quartz 4 crystal analyzer was read-off directly by the potentiostat and converted to frequency change. 5 An EcoChemie µAutolab II potentiostat with NOVA 1.7 software was used to carry out 6 potential sweeps and record current, potential and time data. 
QCN Calibration 18
A standard calibration method which involved deposition of Cu from an acidified electrolyte 19 was used to determine the sensitivity and stability of the quartz crystal. A solution of 0.1 M 20 CuSO4 in 0.5 M H2SO4 was used as Cu deposition from this solution is known to proceed at 21 100% current efficiency [20] . The mass of Cu deposited on the crystal surface would change 22 its resonance frequency according to the Sauerbrey equation 19, 21 : 23
where f is change in frequency (Hz) and m is change in mass of the deposit (g), and  is 25 the sensitivity factor (Hz g -1 ) which can be determined experimentally through calibration 1 experiments. The change in frequency is inversely proportional to the mass of Cu deposited, 2 i.e. mass increase leads to frequency decrease. By monitoring the charge consumed, one can 3 also determine the theoretical mass of Cu deposited as per the Faraday equation. The value 4
for  was found to be 8.14 x 10 8 Hz g -1 with a standard deviation of ±5% (±4.12 x 10 7 Hz g -1 ) 5
for Cu deposition at 100% current efficiency. (approximately 10 ng) was observed. However, as the potential becomes more negative than -13 0.3 V, the frequency begins to increase, which is indicative of desorption from the surface. It 14 should be noted that adsorption/desorption of the surfactant proceeds without any charge 15 transfer, and hence no significant change in current density is recorded as the surfactant 16 adsorbs or desorbs from the surface. Further cathodic polarization down to -0.5 V shows 17 continued increase in f and a sharp increase in current due to hydrogen evolution. No 18 evidence of gold dissolution from the crystal was observed. 19 
20
As a potential sweep is a dynamic process that continually changes the electrode surface 21 potential over a short period of time (typically 90s at a scan rate of 10 mV s -1 ), a set of 22 potentiostatic experiments were also carried out to observe surfactant adsorption/desorption 23 over a longer period of time up to 600 s. As per Figure 2 , it was shown that the surfactant desorbs at potentials below -0.32 V, and 18 therefore this decrease in frequency at potentials more negative than -0.32 V (c.f. Figure 4a  19 and Figure 4b ) is due to Sn metal being plated. The first peak around -0.45 V is attributed to 20
Sn underpotential deposition (UPD) on Au 22-24 which has been known to occur in our 21 electrolyte. Overpotential deposition of Sn commences at potentials more negative than -0.50 22 V, which is accompanied by a much larger reduction current and a large decrease in 23 frequency. On the reverse scan two separate stripping peaks were observed at -0.46 V and -24 0.32 V which could correspond to two different phases of Sn that were deposited.
1
The dotted line in Figure 4 is the value of current consumption calculated from the frequency 2 change. Corresponding metal deposition can be obtained by combining the Sauerbrey and 3
Faraday equations 20 for 100% current efficiency:
Where icalc is the calculated current,  is the sensitivity factor (Hz g -1 ), M is the atomic mass 6 of the metal (g mol -1 ); average mass in the case of the alloy, z is the number of electrons 7 involved in the reaction, F is Faraday's constant (C mol Figure  4 2). These data show that the surfactant adsorption blocks the Cu discharge. In addition, it 5
inhibits Cu deposition at more cathodic potentials, thereby reducing the total amount of Cu 6 deposited. The shift in deposition potential 9, 18 and inhibition of Cu deposition 11 has been 7 observed in earlier studies, but this is the first direct evidence that they are due to the 8 adsorption of surfactant on the electrode surface. 9
10
Co-deposition of Cu and Sn without and with surfactant is shown in Figure 4e and Figure 4f , 11 respectively. In Figure 4e , where no surfactant is added to the solution, a small cathodic peak 12
for Cu deposition at -0.40 V is observed. This potential is slightly more negative than that 13 observed for Cu only deposition (cf. Figure 4c during co-deposition, both metals, i.e., Cu and Sn are reduced, with Sn being the major 24 component. Therefore, when Sn is stripped from the surface, Cu should be released due to the 25 breakdown of the deposit (and not due to electrochemical oxidation). It is possible that such a 1 process leads to a loss in mass without incurring any charge consumption. This would explain 2 the excess calculated anodic current just above -0.40 V which is the loss of Cu detected due 3 to the dissolution of the Sn matrix. This would also lead to lower Cu deposition efficiency if 4 one used anodic stripping voltammetry to investigate these systems. 5 6 The second notable item is that during co-deposition experiments, Sn UPD is not observed as 7 only one Sn stripping peak is seen. During individual metal deposition Sn UPD was observed 8
when Sn was deposited on the gold substrate; in the -0.45 to -0.50 V potential region. 9
However, in the electrolyte containing both Cu and Sn but no surfactant (cf. There are again two notable issues in this case. The first is that during the reverse sweep one 24 does not observe any differences between measured and calculated currents at -0.4 V, as wasthe case for the surfactant-free solution (cf. Figure 4e ). This shows that no Cu is lost from the 1 deposit due to the electrochemical dissolution of the Sn matrix. This also shows that Cu 2 oxidation to cupric ions is inhibited by the adsorbed surfactant -which leads to a slight shift 3 in the oxidation overpotential of Cu. In principle, depending on the scan rate and surface 4 diffusion of Sn and Cu atoms, a nano-porous Cu layer could be formed if only Sn is stripped 5 from the deposit. This process could be used as a new method to fabricate nano-porous 6 materials. 7
8
The second item is related to the role of surfactants in metal deposition. It is generally 9 believed that the main role of surfactants was to reduce gas evolution by lowering surface 10 energy and improve grain refinement by its adsorption to the surface [14] [15] [16] . However, our 11 results show that surfactant adsorption can be used to manipulate changes in electrochemical 12 behaviour of the two metals, i.e. that the reduction of the more noble metal may be 13 suppressed, which allows one to deposit Sn-rich alloys 18 . In this regard, the surface active 14 agent is acting as a "poison" that blocks the more noble material from depositing. 15
Conclusion 17
The role of a fluorosurfactant additive during the co-deposition of Cu and Sn from MSA 18 electrolytes has been examined. Polarisation data for individual metals and Cu-Sn has been 19 collected at a quartz crystal coated with Au. The results show that the surfactant adsorbs on 20 the surface at all potentials where the two metals deposit. This does not affect the 21 electrochemical behaviour of Sn, because the surfactant starts to desorb in the potential range 22
where Sn is reduced and oxidised. However, the surfactant blocks the surface more strongly 23 at potentials where Cu is reduced and oxidized, which suppresses Cu reduction. Co-24 deposition is enabled due to the difference in electrochemical behaviour of these metals, 
